Polybrominated diphenyl ethers (PBDEs) have been measured in the home environment and in humans, but studies linking environmental levels to body burdens are limited. This study examines the relationship between PBDE concentrations in house dust and serum from adults residing in these homes. We measured PBDE concentrations in house dust from 50 homes and in serum of male-female couples from 12 of the homes. Detection rates, dust-serum, and within-matrix correlations varied by PBDE congener. There was a strong correlation (r ) 0.65-0.89, p < 0.05) between dust and serum concentrations of several predominant PBDE congeners (BDE 47, 99, and 100). Dust and serum levels of BDE 153 were not correlated (r < 0.01). The correlation of dust and serum levels of BDE 209 could not be evaluated due to low detection rates of BDE 209 in serum. Serum concentrations of the sum of BDE 47, 99, and 100 were also strongly correlated within couples (r ) 0.85, p ) 0.0005). This study provides evidence that house dust is a primary exposure pathway of PBDEs and supports the use of dust PBDE concentrations as a marker for exposure to PBDE congeners other than BDE 153.
Introduction
Polybrominated biphenyl ethers (PBDEs) are a group of flame retardant chemicals that have been added to numerous consumer products, such as home electronics (e.g., televisions, computers), textiles (e.g., carpeting, drapery) and items containing polyurethane foam (e.g., mattresses, upholstered furniture) to meet fire safety standards and to slow burning in case of fire. There are 10 different homologue groups of PBDEs (mono-to deca-), that consist of 209 possible congeners, or combinations of the number and position of bromine atoms on the diphenyl ether backbone. These different compounds have different chemical, exposure, and toxicological properties (1). Commercial formulations of PBDEs consist of a mixture of congeners and are mainly described as penta-, octa-, and deca-BDE.
Due to concerns over the persistence of PBDEs in the environment and bioaccumulation in wildlife and particularly in human milk, the European Union banned the use of pentaand octa-BDEs in 2004 (2) . The sole U.S. manufacturer phased out production of penta-and octa-BDEs in 2004. The major manufacturers and importer of deca-BDE in the U.S. have agreed to phase out production for most uses by 2012 (3). There is currently no U.S. federal regulation on the use of PBDEs, but several states have issued their own restrictions (4). BDE 209, which is the major component of the deca commercial mixture still in use, has the shortest half-life in the body, as it is more readily transformed or eliminated than the lower-brominated congeners (5) . However, BDE 209 in the environment can break down into the lowerbrominated congeners that are more bioaccumulative (6, 7) . Although penta-and octa-BDEs, once in mass production, are now banned in Europe and discontinued in the United States, the general population continues to be exposed to these compounds due to their persistence and continued release into home environments from older products. Importation of products from countries that continue to use certain PBDEs is another potential source of PBDEs in the indoor environment (8) .
PBDEs are additive, or not chemically bound, and can leach out or physically degrade into particles and thus may end up in indoor air and house dust (9) . Potential routes of exposure to these compounds include ingestion, inhalation, and dermal uptake. Ingestion may include dietary exposure, particularly meats and dairy products that have accumulated PBDEs, but PBDE exposure in North America has been estimated to be primarily from ingesting and/or inhaling dust (10) (11) (12) (13) . In support of these estimates, a recent U.S. study found a stronger association of PBDE concentrations in house dust with PBDE levels in human breast milk than with reported consumption of meat or dairy products (14) . However, that study's analysis did not include BDE 209 due to low detection rates in milk and dust.
PBDEs have been shown to disrupt endocrine functions in experimental animals (15, 16) , but human studies are limited. The few human studies that have been conducted to date have reported associations between PBDE exposure and altered hormone levels (17) (18) (19) (20) . Specifically, we recently reported that PBDE concentrations in dust from participant-collected vacuum bags were associated with altered serum hormone levels in 24 men (20) . In the present study, we measured PBDE concentrations in serum and in participant vacuum bag dust from couples (male and female partners living in same household) participating in the same ongoing study. The objective was to examine the relationship between dust and serum PBDE concentrations, as well as explore whether serum PBDE concentrations were strongly correlated within-couple. Strong relationships between dust and serum PBDE concentrations may help identify dust as a primary exposure pathway and provide validation for the use of dust PBDE concentrations as estimates of exposure in epidemiological studies.
Materials and Methods
Couples living in the same household who were seeking fertility treatment were recruited from the Massachusetts General Hospital Fertility Center as part of an ongoing study of environmental exposures and reproductive health (20) . Participants included men and women from infertile couples due to a male factor, a female factor, or a combination of both male and female factors. The study protocols were approved by the committees on research ethics at all participating institutions, and all participants signed an informed consent. Participants wrapped the vacuum bag in aluminum foil and then sealed it in a labeled plastic bag. In the one case where a bagless vacuum was used, the participant emptied vacuum dust directly into the plastic bag. Dust samples were stored at -20C until analysis. Dust was sieved using a 150 µm mesh sieve to obtain the fine fraction and analyzed for PBDEs using the method by Stapleton et al. (21, 22) . Samples were spiked with internal and recovery standards, and four laboratory blanks were also spiked and analyzed alongside samples. PBDEs were quantified using an Agilent 6890 gas chromatograph coupled to an Agilent 5975 mass spectrometer (Agilent Technologies, Santa Clara, CA) operated in negative chemical ionization mode (GC/ECNI-MS). Laboratory blanks were low enough (<1%) that blank correction was not needed. The recoveries of two surrogate standards, which were spiked into each dust sample prior to extraction, were 92 and 102%.
Serum PBDEs. Serum samples (5 mL) were collected from 12 male/female partners recruited into the ongoing study in [2007] [2008] . The collection time of these serum samples coincided with the collection of dust samples from these homes. The serum samples were sent on dry ice to the CDC Combustion Products and Persistent Pollutants Biomonitoring Laboratory in Atlanta, GA. The methodology for the analysis of PBDEs in serum has been published by Sjodin et al. (23) . Briefly, samples were denatured with formic acid, diluted with water and fortified with internal standards prior to solid phase extraction (SPE) using a Rapid Trace modular SPE system (Caliper Life Sciences; Hopkinton, MA). Determination of the target analytes was performed by gas chromatography isotope dilution high resolution mass spectrometry (GC-IDHRMS) employing a MAT95XP instrument (ThermoFinnigan MAT; Bremen, Germany). The serum lipid concentrations were determined using test kits from Roche Diagnostics (Indianapolis, IN) for total triglycerides and total cholesterol. Final determinations were made on a Hitachi 912 Chemistry Analyzer (Hitachi; Tokyo, Japan). All concentrations of PBDEs are reported as background subtracted.
Data Analysis. Descriptive statistics were calculated for all PBDE congeners with at least 50% detection rates to examine the distributions by congener in house dust and serum. One half the detection limit was assigned to nondetect levels for the calculation of geometric means. Spearman's correlation coefficients were calculated to assess bivariate relationships between PBDE concentrations in house dust and serum, and between different PBDE congeners within the same matrix. Spearman's correlation coefficients were also calculated to assess within-couple (female-male) correlations of serum PBDE concentrations. Table 1 presents the distribution and detection rates of PBDE congeners measured in house dust. Results are presented for 50 dust samples, although only the 12 most recently collected dust samples were from couples who also provided serum samples for PBDE analysis. The distribution of PBDE concentrations of the 12 matched dust samples is similar to the distribution of the entire 50 samples analyzed. Concentrations of PBDEs (sum of all congeners) ranged from 980 to 44 546 ng/g dust. The geometric mean of summed PBDEs was 4742 ng/g. All of the PBDE congeners detected were log-normally distributed. BDE 209, the major congener in decaBDE commercial mixtures, was the dominant PBDE congener, accounting for 43% on average of total PBDEs by weight in the dust samples. BDE 47 and 99, the two major constituents of the pentaBDE commercial mixture, made up 16 and 22%, respectively, of total PBDEs on average. There were strong correlations (Spearman r g 0.80, p < 0.05) among dust concentrations of PBDE congener groups with the same or close degree of bromination. A complete table of correlation coefficients for all detectable congeners in dust can be found in Supporting Information (SI) Table S1 . Table 2 presents the distribution and detection rates of PBDEs measured in serum, shown as both total serum and lipid-adjusted values. BDE 47 was found at the highest median concentration in serum, followed by BDE 153 at the next to highest median concentration. Several congeners, including BDE 209, had low detection rates (less than 30%). BDE 209 had the highest detection limit and was only detected in 2 of 24 serum samples. The congeners with high detection rates in serum (BDE 28, 47, 99, 100, and 153) are components of the pentaBDE commercial mixture. These congeners were correlated with one another (r ) 0.70-0.96, p < 0.05), with the exception of BDE 153, which is also a component of the octaBDE mixture. A complete table of correlation coefficients for all detectable congeners in serum can be found in SI Table S2 . Figure 1 compares the overall PBDE congener composition profiles of dust and serum samples. The compositions are represented as percent, by mass, of each total of samples (dust or serum). The dust and serum samples followed the same pattern with some exceptions. BDE 209 was the dominant congener in the majority of dust samples, although 11 of 50 samples had levels of BDE 99 higher than the other congeners, and 7 of these samples also had levels of other congeners higher than BDE 209. In serum, BDE 47 was found at the highest concentration in 17 out of 24 samples, while in 4 females and 3 males, BDE-153 was found at a higher concentration than other congeners. Table 2 ) and were therefore not included in correlation matrices with dust concentrations. Of the two individuals with serum containing detectable levels of BDE 209, one of the homes had a concentration of BDE 209 in dust above the median, and the other home had a concentration below the median. There was a strong correlation (r ) 0.65-0.89, p < 0.05) between dust and serum concentrations for most BDE congeners with high detection rates (BDE 47, 99, and 100). However, dust and serum levels of BDE 153 were not correlated (r < 0.01). There were strong correlations between several BDE congeners measured in dust and lower-brominated congeners measured in serum. For example, BDE 100 in dust was correlated with BDE 28 in serum (r ) 0.79, p ) 0.002). a DL ) Detection limit. One-half the DL was used for measurements below the DL. NC ) Not calculated. Geometric means and percentiles were not calculated for congeners with detection rates below 50%. Lipid-adjusted serum detection limits are ranges due to varying sample volumes. FIGURE 1. PBDE Congener by proportion in dust and serum, Dust: n ) 50, except those congeners with <100% detection (some of "other tri-nona congeners"). See Table 1 for detection rates. Serum: n ) 24, except those congeners with <100% detection (BDE 28, 99, 154, 209 and "other tri-nona congeners"). See Table 2 for detection rates. Other tri-hexa and hepta-nona congeners are those listed in Tables 1 and 2. BDE 206 and 207 were not measured in serum.
Results
There was a strong correlation (r ) 0.85, p ) 0.0005) for serum concentrations of the major penta formulation BDEs (sum of BDE 47, 99, and 100) between males and females of couples residing in the same household (Figure 2) . However, serum levels of BDE 153 were not significantly correlated within couples (r ) 0.40, p ) 0.19). A complete table of correlations between PBDE concentrations in male and female serum which includes all detectable congeners (BDE 28, 47, 99, 100, and 153) can be found in SI Figure S3 .
Discussion
PBDE concentration ranges in dust and serum in the present study were similar to concentrations found in other studies conducted among North Americans (21, (24) (25) (26) , and therefore the PBDE exposures among individuals in this study are likely representative of exposures of the general U.S. population. There were strong correlations between dust concentrations of PBDE congener groups with the same or close degree of bromination. These relationships resemble the congener mixtures (pentaBDE, octaBDE, or decaBDE) in commercial products and suggest that the congeners originated from the same sources within the home. Because BDE 202 is not present at detectable levels in commercial formulations, its detection in dust samples may be indicative of environmental debromination of BDE 209 (27) . BDE 209 was measured at the highest concentrations in dust, followed by BDE 99 and BDE 47. In contrast, BDE 47 and BDE 153 were measured at the highest concentrations in serum. BDE 47 may dominate serum samples due to dietary intake, as it was often found as the dominant congener in food items analyzed as part of a market basket survey (28) . The predominance of BDE 47 in serum samples may also be due in part to gaseous inhalation, as BDE 47 has been found to be a dominant congener in indoor air (13, 29) . However, it is not possible to evaluate contributions to exposure from diet or inhalation of volatile gases in the present study. Our observation of a strong correlation between dust and serum BDE 47 concentrations supports the argument that dust is a major exposure pathway for BDE 47.
Several congeners, including BDE 209, had low detection rates in serum and therefore conclusions regarding dustserum or within-couple relationships for these congeners were not possible. Several congeners (BDE 28, 47, 99, 100, 153) had high detection rates, and therefore associations with PBDE concentrations in dust could be evaluated. There were strong correlations between dust and serum concentrations of the major penta formulation BDE congeners 47, 99, and 100, which suggests that dust is a good measure of exposure to these congeners. Serum concentrations of these congeners were also strongly correlated between males and females of couples (Figure 2) , which supports the use of a serum or dust measurement from one member of a couple living together to represent their partner's exposure to these congeners. This estimate of exposure may not apply to children living in the same household, as a child's exposure to dust is expected to be greater (30) . Dust and serum levels of BDE 153 were not correlated, which may be due to differences in exposure sources (e.g., diet or exposures outside the home), transformation, distribution or metabolism of this congener. BDE 153 has a long half-life as compared to the other congeners (31, 32) . Serum concentrations of BDE 153 were also not correlated between males and females within couples. Conversely, BDE 153 in dust was correlated to lower brominated congeners in serum, which may support the argument that transformation is occurring. As observed by Qiu, et al. (33) , different PBDE congeners may have different rates of hydroxylation, and this may be an explanation why human serum may exhibit different congener profiles than dust or commercial product mixtures. Huwe et al. (34) demonstrated that PBDE congeners have different degrees of bioconcentration in rats, possibly due to metabolism differences between congeners. The lack of BDE 209 measured in serum may be due to higher detection limits and/or to its short biological half-life. Stapleton et al. (6) demonstrated that when carp were fed BDE 209, only lowerbrominated congeners, and not BDE 209, bioaccumulated in the fish. Further research into the transformation processes of individual PBDE congeners is needed to understand patterns in the biomarker profiles of these compounds. A recent study utilizing the National Health and Nutrition Examination Survey (NHANES) dietary questionnaire responses and serum PBDE data concluded that intake of poultry and red meat is a source of PBDE exposure in the U.S. population (35) . In particular, BDE 153 was the only congener associated with total fat intake, and although vegetarians had lower total PBDE serum levels, they did not have significantly reduced levels of BDE 153. Higher levels of dietary exposure to BDE 153 may explain higher BDE 153 levels in serum in the present study population. However, U.S. market basket surveys (28, 36) do not indicate that certain foods have higher concentrations of BDE 153. Fraser et al. (35) also found similar results to the present study in terms of serum congener correlations, with the penta formulation congeners (BDE 28, 47, 99, 100, and 153) being strongly correlated with one another. However, the authors reported that BDE 153 had a weaker association than the other congeners. In the present study, the penta formulation congeners were also strongly correlated, but BDE 153 was not associated with the other congeners in serum.
Limited studies have assessed relationships between dust and serum concentrations of PBDEs. A study of only five Swedish homes reported a correlation between researchercollected house dust and plasma levels of PBDEs, although the association was dependent on one of the five households (37) . A recent study of 19 Belgian students found no correlation between PBDE concentrations in the students' serum and dust concentrations in their dormitories (38) . Another study conducted on 34 German homes found no significant correlation between dust and serum concentrations of PBDEs, and the authors concluded that diet is the main exposure pathway (39) . However, although European food samples were reported to have the same level of PBDE contamination as U.S. samples (10, 28) , dust levels in European countries are orders of magnitude lower than U.S. levels (24) , and therefore these data may not be comparable to the data in the present study. Based on pharmacokinetic modeling, Lorber (10) concluded that dietary and inhalation exposures could not explain U.S. body burdens of PBDEs, and that exposure to indoor dust is the primary pathway.
Various studies on indoor environmental contaminants employ different methods in the collection of house dust as a measure of exposure. Specifically, researcher-collected dust has been compared to vacuum bag dust (26, 40, 41) . The studies by Colt et al concluded that there was a high level of agreement between researcher-collected dust (high-volume surface sampler, HVS3) and vacuum bag dust for pesticides and other organic contaminants, including polychlorinated biphenyls (PCBs). The study by Allen et al (26) found that researchercollected dust had varying degrees of correlation with vacuum bag dust concentrations of PBDEs (r ) 0.39-0.77), depending on the room in the home and the sampling round. Furthermore, PBDE concentrations in researcher-collected dust were significantly different between rooms of the same home. Future studies on dust collection methods should focus on the validation of these methods and include biomarkers as evidence of biological relevance. It is possible that the use of vacuum bag dust in exposure assessment may be a superior method of dust collection, provided that the dust collected is a measure of longer term integrative exposure representative of the total home environment, and thus total exposure, and not limited to a specific area or time. The use of vacuum bags may also provide a much more time-and cost-efficient method for measuring dust contamination in large-scale epidemiological studies. On the other hand, researcher-collected dust samples would likely have more utility in studies aiming to define specific PBDE exposure sources in the home or other microenvironments.
This study is the first to provide empirical evidence of the association between house dust and serum concentrations of PBDEs in the U.S. For PBDE congeners that do not show strong correlation between dust and serum, such as BDE 153, dust may not be a good indicator of body burden. However, for other PBDE congeners such as the major penta formulation BDEs, which were strongly correlated between dust and serum concentrations, house dust may be a good measure of exposure. This observation serves to further validate our recent finding of significant relationships between dust concentrations of pentaBDEs and circulating hormone levels in men (20) . Furthermore, house dust may provide a satisfactory estimate of human exposure to BDE 209 due to its high concentrations in dust and current limitations of measuring BDE 209 in serum. The relatively short biological half-life of BDE 209 may prevent reliable measurement in serum, but because BDE 209 concentrations in dust are high, people are likely continuously exposed. Thus, dust concentrations may currently be the best marker of exposure to BDE 209 in the absence of other biomarkers
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